HSV-1 is the causative agent of cutaneous lesions, commonly referred to as cold sores. Primary exposure to the virus ordinarily occurs through the periphery, in particular through abraded skin or mucosal membranes. Under certain circumstances (e.g., in neonatals or AIDS patients), the infection becomes disseminated, often with severe consequences. Spread of HSV-1 is limited by virus-specific Ab. The development of an efficient humoral response to the virus is dependent on innate immunity component complement C3. The liver is the major source of C3, but there are also extrahepatic origins of C3 such as lymphoid macrophages. In the present study, the significance of C3 synthesis by bone marrow-derived cells was assessed by the transfer of wild-type bone marrow into irradiated C3-deficient mice. Using these chimeric mice, extrahepatic C3 was determined sufficient to initiate specific Ab and memory responses to a peripheral HSV-1 infection.
H
erpes simplex virus 1 infects its host through mucosal surfaces or abraded skin. Following primary infection, HSV-1 can establish a life-long latent infection within the sensory neurons that innervate the peripheral site. The virus can reactivate from latency, resulting in a recurrent disease at or near the initial site of infection. The presence of oral-facial epithelial lesions, commonly referred to as cold sores or fever blisters, is a widely recognized symptom of recurrence (1) . HSV infection can in some cases spread beyond the sensory neurons to produce a disseminated infection. This is particularly the case in neonates or immunocompromised individuals, such as AIDS patients or organ transplant recipients, where multiorgan involvement or infection of the CNS can lead to high mortality (2) (3) (4) (5) (6) (7) (8) (9) . In various studies, the presence of anti-HSV-1 serum Ab has been shown to protect against complications of HSV infection, presumably through limiting systemic viral spread (10 -12) . Specific Ab eliminates virus by Ab-dependent cellular cytotoxicity and viral neutralization, which can be complement dependent (13) or independent (14 -16) . However, specific Ab titers are not associated with clearance of HSV-1 infection, and latent virus can persist in its host.
Humoral responses to HSV-1 are thymus-dependent (TD) 3 ; Th cells are required to provide a costimulatory signal to activate B cells. Cytokine profiles and IgG isotype patterns indicate that T lymphocyte help in HSV-1 infection is skewed toward Th-1 (17, 18) . The humoral response to HSV-1 is dependent on the complement system. Deficiencies in complement component C3, C4 (required to activate C3), or its receptor (CD21/CD35) result in impaired humoral responses to infectious virus (19) .
The importance of the innate immune system, including the complement system, in the adaptive immune response has only recently become fully appreciated (20 -24) . The development of knockout mice for complement protein C3 (C3 Ϫ/Ϫ ) or complement receptors CD21 and CD35 (Cr2 Ϫ/Ϫ ) allowed for detailed studies of the impaired responses. C3
Ϫ/Ϫ mice were found to have an impairment at the B lymphocyte level, as T lymphocyte responses appeared normal (25) . Deficiency in CD21/CD35 resulted in impaired B cell activation and secondary humoral response (26, 27) . Activation and covalent attachment of C3 to Ag enhances the B cell response by at least two mechanisms. First, coligation of the CD21/CD19/CD81 coreceptor by C3-Ag adducts lowers the threshold for B cell activation both in vivo and ex vivo (28, 29) and enhances the survival of activated B cells within follicles and germinal centers (GC) (30) . Second, complement receptor-dependent retention of Ag on follicular dendritic cells (FDC) provides a source of Ag for clonal selection within GC (24, 31, 32) . Direct coupling of C3d to hen egg lysozyme protein lowered the amount of protein required for an optimal response by as much as 10,000-fold (33) . Similarly, coupling C3d to influenza hemagglutinin in a DNA vaccine enhanced the humoral response (34) . These combined experiments clearly underlined the role of complement in the humoral response to Ag. Complement C3 is produced at a variety of sites in the body. The liver is the primary source of C3 with serum concentrations of ϳ1 mg/ml (35) . However, a number of extrahepatic sources of C3 synthesis have been described. These include myeloid lineage cells such as monocytic cells (36) and polymorphonuclear leukocytes (37) as well as non-bone marrow (non-BM)-derived sources such as epidermal keratinocytes (38) , kidney tubular epithelial cells (39, 40) , and umbilical vein endothelial cells (41) . The potential of macrophage-derived C3 in the humoral response to protein Ag was determined using C3 Ϫ/Ϫ BM chimeras that received wild-type (WT) BM (WT BM3 C3 Ϫ/Ϫ ). Significantly, the humoral response to protein Ags introduced i.v. was fully restored in the absence of circulating C3. Combined immunohistochemistry and in situ hybridization strongly indicated MOMA2 ϩ macrophages, located in the splenic white pulp, as major producers of C3 mRNA (31) .
In the present study, C3 Ϫ/Ϫ mice reconstituted with WT BM were used to assess the importance of myeloid-derived C3 in the more physiologically relevant model of intradermal (i.d.) HSV-1 infection. Our results identify nonsystemic BM-derived C3 as sufficient to restore full humoral responses to peripheral infection with HSV-1 in the absence of systemic C3. In complement C3 chimeras (WT BM3 C3 Ϫ/Ϫ ), C3 synthesis and deposition were detected in lymphoid organs. These findings indicate a critical role for myeloid-produced C3 in enhancement of B cell activation and production of viral specific Ab.
Materials and Methods

Mice
Mice deficient in complement component C3 (C3 Ϫ/Ϫ ) were constructed by gene targeting using homologous recombination in embryonic stem cells as previously reported (42) , and were maintained on C57BL/6 or mixed C57BL/6 ϫ 129/sv backgrounds. C57BL/6 or mixed C57BL/6 ϫ 129/sv mice were used as WT controls. Although C57B/6 mice are considered to be resistant to HSV infection, the host immune response by resistant and susceptible mouse strains (i.e., BALB/c) has been shown to be identical (43) . All mice were housed in a specific pathogen-free facility. Studies were performed according to institutional guidelines for animal use and care. Animals received food and water ad libitum.
Construction of chimeras
BM cells of littermates were isolated by flushing their femurs and tibias with cold HBSS (Life Technologies, Grand Island, NY) using a 26-gauge needle. Via retro orbital sinus injection, 10 7 BM cells were introduced into anesthetized (300 l Avertin, i.p.; mixture of 2,2,2-tribromoethanol and 2-methyl-2-butanol (Sigma, St. Louis, MO)) 6-to 8-wk-old mice that were previously lethally irradiated (2 ϫ 650 rad). Reconstituted mice were allowed to rest for 5 wk before they were used in experiments.
Virus and inoculations KOS 1.1, which has been used as a WT HSV-1 strain in immunization studies (19, 44) because it is attenuated but very immunogenic, was propagated and titrated on VERO cells. Virus stocks were concentrated by pelleting and resuspending extracellular virions in DMEM (Life Technologies) with 1% FCS and 15% glycerol (Sigma, St. Louis, MO) and then stored at Ϫ80°C. Mice were inoculated i.d. with 50 l containing 2 ϫ 10 6 PFU in the rear flank near the base of the tail. Mice received identical second and third inoculations at wk 3 and 6 postprimary infection. Some groups of mice were inoculated with an equivalent volume and quantity of UV-irradiated virus. UV treatment reduced the viral titer by at least 2000-fold.
ELISA
Plates were coated with HSV-1 Ag (Advanced Biotechnologies, Columbia, MD) overnight at 4°C at 50 ng/well in 0.05 M carbonate-bicarbonate buffer, pH 9.6 (Sigma) on 96-well plates. Plates were blocked with PBS containing 5% milk at 37°C for 1 h, then washed three times with PBS containing 5% milk and 0.05% Tween 20. Plates were incubated with serial 2-fold dilutions of mouse sera for 2 h at 37°C, washed, then incubated for 1 h with 1/1000 goat anti-mouse IgG Ab conjugated to alkaline phosphatase (Sigma), washed, and developed using SigmaFast pNitrophenyl Phosphate (Sigma), and the OD 405 was read. Ab titers represent the final 2-fold dilution yielding an OD reading greater than 0.2 U above background and are expressed as the geometric mean Ϯ SEM. Similarly, C3 serum titers were determined by ELISA. Mice were bled, and blood was kept at 4°C. Serum was obtained by centrifuging for 15 min at 4°C at 15,000 ϫ g. Supernatant was applied for 2 h at 37°C to 96-well plates that had been coated overnight at 4°C with rat anti-mouse C3 mAb (provided by Dr. E.
Kremmer, GSF-National Research Center for Environment and Health, Institute of Immunology, Munich, Germany) and blocked with 1% BSA in PBS for 1 h at 37°C. For detection, biotinylated polyclonal goat anti-mouse C3 (CAPPEL ICN, Costa Mesa, CA) was applied for 1 h at 37°C. After applying streptavidin-alkalin phosphatase (Sigma), enzymatic detection was performed with SigmaFast and OD 405 values were compared with a standard of pooled WT mouse serum.
C3 production
C3 production was detected using in situ hybridization specific for C3 mRNA. In situ hybridization was used to confirm the presence of C3 producing BM-derived cells in the lymphoid compartment and was performed as previously described (31) .
C3 localization
Localization of C3 was analyzed by immunohistochemistry on OCTembedded (Tissue-Tek) cryosections (Sakura Finetek, Torrance, CA). Lymph nodes were harvested and snap-frozen in an OCT-filled mold on a liquid nitrogen-cooled metal surface. Samples were stored at Ϫ80°C until the cryosections were cut. Cross-reactive FITC-conjugated rabbit antihuman complement C3d polyclonal Ab (DAKO, Carpinteria, CA) was used to detect mouse C3d on sections. Specific signal enhancement for this Ab was obtained by use of the Alexa Fluor 488 Signal-amplification Kit for Fluorescein-conjugated probes (Molecular Probes, Eugene, OR). GC were detected with biotinylated peanut agglutinin (EY Laboratories, San Mateo, CA) with secondary staining by Streptavidin-Cy-Chrome (BD PharMingen, San Diego, CA). T lymphocytes were stained using PE-labeled purified anti-mouse CD3⑀ (CD3 ⑀-chain) (BD PharMingen).
Results
Reconstitution of C3-deficient mice with WT BM restores humoral responses to peripheral infection
We infected mice with 2 ϫ 10 6 PFU of HSV-1 i.d., and re-exposed them to equal doses at wk 3 and 6 postprimary infection. At weekly intervals throughout the experimental period, sera from the mice were analyzed for their specific anti HSV-1 IgG titers. In WT mice, virus-specific IgG levels followed the well-characterized trend for a humoral response to a TD Ag or virus (Fig. 1A) . By contrast, C3
Ϫ/Ϫ animals responded with highly impaired primary and secondary IgG responses to HSV-1. This phenomenon in C3 Ϫ/Ϫ mice has been reported both for inert (25) as well as infectious TD (19) and TI (45) agents (Fig. 1A) . To examine whether the humoral immune response to a peripheral infection depends on C3 produced by BM-derived cells, lethally irradiated C3 Ϫ/Ϫ mice were reconstituted with WT BM (WT BM3 C3 Ϫ/Ϫ ) and exposed to dermal HSV-1 infection. Both primary and memory responses were restored in these C3 Ϫ/Ϫ chimeras. Antiviral IgG levels were nearly equal to those of chimeric WT mice reconstituted with WT BM (WT BM3 WT) mice (Fig. 1B) . Measured differences in anti-HSV-1 titers between both chimeras were not statistically significant at any measured time point, as determined by Student's t test ( p Ͼ Ͼ 0.05). At their peak responses, a week after the second boost, WT BM3 WT and WT BM3 C3 Ϫ/Ϫ produced virus-specific IgG titers that were, respectively, 16-and 13-fold higher than that of C3 Ϫ/Ϫ mice.
Humoral responses are directed to infectious HSV-1
To confirm that immune responses were directed against viral Ag expressed from infected cells and not merely against input viral Ag, we compared Ab responses to equal doses of either infectious or UV-inactivated HSV-1. Infectious viral particles elicited a ϳ20-fold higher secondary antiviral response in WT mice when compared with the UV-inactivated virus (Fig. 2) . Therefore, infectious virus is responsible for the bulk of the humoral response, confirming the validity of the inoculation procedure and measured responses as a model for dermal HSV-1 infection. As predicted, the response to both infectious and noninfectious viral Ags was impaired in C3 Ϫ/Ϫ mice (Fig. 2) (19, 25) .
Synthesis of C3 within lymph nodes, but negligible levels in blood
To verify C3 synthesis within the lymphoid compartment of WT and WT BM3 C3 Ϫ/Ϫ animals, we harvested lymph nodes and prepared cryosections for analysis by in situ hybridization. Specific C3 mRNA staining in WT (Fig. 3a) , but not C3 Ϫ/Ϫ animals ( Fig.  3b) , was detected within the cortex of lymph nodes. Previous studies with chimeric mice indicated MOMA2 ϩ macrophages as the major source of C3 in lymphoid tissue (31) . Fig. 3c shows that WT BM engraftment restored local lymphoid C3 production in C3 Ϫ/Ϫ mice. Analysis of lymph node cryosections by fluorescent immunohistochemistry was used to assess whether restored local C3 production resulted in deposition of C3 within the follicles of draining lymph nodes isolated from experimental animals. For purpose of orientation, organ architecture was visualized by costaining the cryosections for T cell zones (red) and GC (blue). In WT (Fig. 3d) and WT BM3 C3 Ϫ/Ϫ animals ( Fig. 3f ), but not in C3 Ϫ/Ϫ mice (Fig. 3e) , C3 protein (green) was detected at various sites in the lymphoid compartment. Beside C3 deposition in GC, abundant C3 is observed in the subcapsular sinus and various vessel structures in both B and T cell zones of WT animals. This most likely represents liver-derived C3 from the circulation. As expected, serum C3 is absent at these sites in the WT BM3 C3
Ϫ/Ϫ animals. Here, by contrast, C3 protein is found primarily within the peanut agglutinin-positive (blue) GC region of the follicle. Previous studies have identified Cr2-dependent uptake of C3-Ag complexes on the FDC surface (30, 32) . Serum levels of C3 were examined for each group of mice. Samples obtained at weekly intervals throughout the experiment showed no significant serum C3 fluctuations occurring within the different groups of mice (data not shown). Typical systemic C3 mean serum levels of ϳ0.8 mg/ml serum were identified in WT and WT BM3 WT chimeras (Fig. 4) . By contrast, background levels of C3 protein were detected in the serum of C3 Ϫ/Ϫ and WT BM3 C3
Ϫ/Ϫ chimeras, despite restored local C3 synthesis within the lymphoid compartment in the latter group of mice (Figs. 3c and  4 ). This observation suggested that the C3 contribution to the serum by BM-derived cells was negligible.
Discussion
We find that local production of C3 by BM-derived cells, presumably macrophages, is sufficient to restore the humoral response to infectious HSV-1 in complement C3-deficient mice. Radiation chimeras were prepared by reconstituting either lethally irradiated C3 Ϫ/Ϫ or WT mice with WT BM, and chimeric mice were infected i.d. with HSV-1, to closely mimic a natural infection with the virus. Memory responses to the infection were evaluated by ELISA. Importantly, both groups of chimeric mice developed a normal humoral response to infectious virus (Fig. 1, A and B) . Histological examination of draining lymph nodes harvested from infected chimeric mice identified synthesis of C3 mRNA within the cortex region (Fig. 3, a-c) . Similarly, Fischer et al. (31) identified C3 synthesis within the splenic follicular region of C3 Ϫ/Ϫ chimeric mice immunized with haptenated protein. In their study, the cellular source was identified as MOMA2 ϩ macrophages, which localized within both splenic and lymph node tissues.
The finding of C3 protein deposition within lymph node GC of infected C3-deficient mice reconstituted with WT BM (WT BM3 C3
Ϫ/Ϫ ) suggests that sufficient C3 is being synthesized to insure activation and coupling to viral Ags (Fig. 3, d and f) . 6 PFU of HSV-1 (strain KOS1.1) at wk 0, 3, and 6, as indicated by the arrows. Serum was collected weekly throughout a 7-wk period starting with the first viral exposure. Virus-specific IgG titers were determined by ELISA. Titers are expressed as reciprocal dilutions, with titer equal to the last serum dilution resulting in an ELISA reading above background Ϯ SEM.
FIGURE 2. Infectious HSV-1 induces significantly greater Ab response than noninfectious virus. WT and C3
Ϫ/Ϫ mice were injected with either 2 ϫ 10 6 PFU live virus (black bars) or with equal input of UV-treated virus (PFU had dropped ϳ2000-fold) (white bars). Primary and secondary virusspecific IgG titers in WT mice injected with UV-treated virus are lower than those of C3 Ϫ/Ϫ animals exposed to live virus (light gray bars). C3
Ϫ/Ϫ mice exposed to UV-inactivated HSV-1 show the lowest humoral responses (dark gray bars). All titers are expressed as reciprocal dilutions, with titer equal to the last serum dilution resulting in an ELISA reading above background Ϯ SEM.
Because C3 serum levels are negligible (Fig. 4) , it is most likely that C3 is activated and coupled to viral Ags within the local lymph node that drains the site of infection. Although the regulation of C3 synthesis by macrophages in vivo is not known, studies with human and murine cell lines indicate that C3 secretion can be induced by multiple cytokines such as IFN-␥ (46, 47), IL-6 (48), TNF (38) , IL-1 (49), and IL-2 (40) . Macrophages secrete other components of complement in addition to C3 and in particular C4, C2, C1r, C1s, and C1q (36, 50, 51) . Like C3, C1q is synthesized by splenic macrophages in vivo; it is likely that this cell type is the major source of the necessary early components for classical pathway activation of C3 and its deposition on viral Ags (50) . One advantage of a regulated source of complement within the lymph nodes is that relatively high local concentrations could be produced in response to pathogens. Activation of C3 and covalent attachment to viral Ags within the lymph nodes may enhance the humoral response by several mechanisms. Studies with mice chimeric for CD21/CD35 expression in which their B cells are Cr2 ϩ but the FDC are Cr2 Ϫ/Ϫ support an important role for the B cell coreceptor CD21/CD19/CD81 in the short-term memory response (27) . Ligation of the coreceptor is important for at least two stages in B cell activation: lowering the threshold for initial activation and enhancement of survival within GC (31, 52) . A second important role for complement enhancement is deposition of Ag on FDC. Clonal selection of GC B cells is dependent on Ag localization, and complement-dependent retention increases the availability of Ag (32) . It will be important to examine mice chimeric for expression of CD21/CD35 on FDC vs B cells in the HSV-1-infectious model.
Whether C3 synthesis within the lymph node alone is responsible for an optimal response to virus infection via the skin remains to be determined. Earlier studies in C3-or C4-deficient guinea pigs demonstrated that reconstitution of the circulation with the relevant complement protein before immunization was sufficient to restore the Ab response to protein Ags administered i.v. or i.p. (22) . Ags administered in this manner are rapidly taken up in the spleen where exposure to serum complement is not limiting. By contrast, viral infections via the periphery have limited exposure to serum complement. Although some exposure could occur in the lymph system, it is likely that the concentration of both complement and recognition proteins, such as Ϫ/Ϫ animals shows partially restored C3 production in the draining lymph node (c), as determined by the intensity and number of localized staining when compared with WT (a). C3
Ϫ/Ϫ control mice show no specific C3 mRNA detection in the lymphoid compartment (b). Hybridized DIG-labeled C3 RNA probes were detected with anti-DIG Ab conjugated with alkalin-phosphatase (anti-DIG-AP). Sections were developed with the appropriate alkalin-phosphatase substrate. d-f, Detection of C3 protein within lymph node follicles by immunohistochemistry. In addition to C3 (green) deposition in the GC (blue), WT animals show abundant C3 presence at various sites in the lymphoid compartment that presumably represents C3 from circulation (e.g., in the subcapsular sinus and various vessel structures in both B (no stain) and T (red) cell zones (d). C3
Ϫ/Ϫ mice (e) are negative for C3 staining. Restored production and retention of C3 in the lymph nodes of WT BM3 C3 Ϫ/Ϫ mice correlates with restored humoral responses to i.d. infection with HSV-1 (Fig. 1b) .
FIGURE 4. Serum C3 titers are negligible in C3
Ϫ/Ϫ mice reconstituted with WT BM. Serum C3 concentrations were determined by ELISA. The values shown for chimeras were determined at wk 7 postprimary infection. Whereas WT (first bar) and WT BM3 WT control chimeras (second bar) showed normal serum C3 levels throughout the experiments, WT BM reconstitution of C3 Ϫ/Ϫ mice (WT BM3 C3 Ϫ/Ϫ ) (fourth bar) did not significantly elevate the blood C3 concentrations of these mice above the lower ELISA detection limit as determined for C3
Ϫ/Ϫ mice (third bar). C3 concentrations are in milligrams per milliliter Ϯ SEM.
natural Ab, that trigger complement activation, are reduced relative to serum. Therefore, synthesis of early complement proteins within the lymph node in the presence of specific IgM may be essential for providing sufficient concentrations to insure efficient covalent attachment of activated C3 and, consequently, enhancement of the B cell response.
Members of the herpes virus family have evolved a multitude of mechanisms to evade the host response. For example, HSV-1 diverts presentation of viral peptides in the context of MHC by expression of a viral protein, ICP47, that blocks peptide transport into the endoplasmic reticulum via the TAP transporter (53, 54) . To evade innate immunity, the virus expresses a membrane-bound protein, glycoprotein C, which binds C3b and accelerates its decay. It thus prevents amplification of the complement system that ultimately would result in viral neutralization (55, 56) . Given the importance of complement C3 in enhancement of humoral immunity, an alternative role for glycoprotein C may be to evade the B cell response.
